The aim of this work was to assess the profile of volatile compounds in 'Royal Gala' apples stored under controlled atmosphere (CA), with O 2 levels ranging from 1.0 kPa to as low as 0.5 kPa during 8 months (0.5°C), followed by 7 days of shelf-life at 20°C. Volatile compounds were collected via solid-phase microextraction (HS-SPME) and analysed by gas chromatography. Straight and branched-chain esters exhibited a distinct pattern. The emission of straight-chain esters decreased under extremely low O 2 (0.5 kPa), while branched-chain esters were not significantly affected in such condition. 2-Methyl-butyl acetate, a significant contributor to the 'Royal Gala' aroma, was higher in intermediate O 2 concentration, suggesting that lowering the O 2 levels down to 0.7 kPa does not negatively affect the volatile composition of 'Royal Gala' apples, as compared to the standard CA (1.0 kPa O 2 ). The remaining volatile compounds were not strongly affected by storing fruits under extremely low O 2 .
Introduction
Apples are one of the most produced and consumed fruits in the world. In this production, Brazil occupied the 9th position with 1.3 million tonnes of apples produced per year (Agrianual., 2012; Fao., 2011) . In Brazil, apple production remains to two cultivars, 'Gala' and 'Fuji' and its respective strains. One of the most important 'Gala' strains is the 'Royal Gala' with almost 25% of total Brazilian apple production (Agapomi., 2013) .
The storage of apples in a controlled atmosphere (CA), is widely used by fruit storage companies because of the beneficial effect of CA in maintaining fruit quality and reducing the incidence of physiological disorders, both during and after storage. However, despite the positive effect of CA on the postharvest quality of apples, exposing these fruits to long-term storage under low O 2, can have a negative impact on the release of volatile compounds. In fact, CAstored apples produce significantly less volatile compounds during shelf-life than those stored under low temperature with natural air (López et al., 2007; Plotto, Mc Daniel, & Mattheis, 1999) . Thus, although CA storage negatively affects fruit aroma, the fact that it efficiently maintains other quality parameters after long-term storage results in good acceptance of CA-stored fruits by consumers (López et al., 2007) .
In Brazil, it is common practice to extend the apple storage under CA up to 8 or 9 months . This long storage life is due the fact that Brazil does not commonly import apples during the off season. So, this long-term storage can impact the apple volatile emission. Furthermore, it is becoming a common practice in packing houses to lower the partial pressures of O 2 below those conventionally used. In fact, O 2 levels as low as 0.5 kPa or even lower are nowadays commonly used. Lowering the partial pressure of O 2 to such levels has only been possible by concomitantly monitoring the minimum O 2 levels tolerated by fruits during the storage, as for example under dynamic CA (DCA) storage (Gasser, Eppler, Naunheim, Gabioud, & Hoehn, 2008; Prange, DeLong, Harrison, Leyte, & McLean, 2003; Watkins, 2008; Wright, DeLong, Harrison, Gunawardena, & Prange, 2010; Zanella et al., 2005) . It is noteworthy, however, that in DCA, the O 2 levels are kept at levels that do not cause harm to fruits. In the case of apples, the storage under DCA also reduces significantly the synthesis of ethylene and, as a consequence, maintains quality parameters such as pulp firmness and peel colour, and reduces storage scald (Watkins, 2008) .
Besides fruit respiration, also the presence of ethylene in an active form can affect the emission of volatile compounds. The effect of ethylene on the metabolism of fruits has been assessed by inhibiting biochemical steps of its synthesis, such as preventing the activity of the 1-aminocyclopropane-1-carboxylic acid (ACC) synthase by the application of aminoethoxyvinylglycine (AVG). It has http://dx.doi.org/10.1016/j.foodchem.2014.01.094 0308-8146/Ó 2014 Elsevier Ltd. All rights reserved.
been previously shown that the pre-harvest application of AVG on apples had a similar effect as CA storage on the emission of volatiles, albeit AVG-treated fruits were stored only under cold air (Bangerth, Streif, Song, & Brackmann, 1998) . Thus, the study of Bangerth et al. (1998) suggests that low O 2 levels are not the only factor inhibiting the release of volatile compounds by fruits. In this regard, it has been reported that whereas the application of 1-methylcyclopropene (1-MCP), a potent inhibitor of ethylene action, significantly delays ripening and senescence in apples (Blankenship & Dole, 2003) , it has the disadvantage of reducing the production of volatiles (Fan, Mattheis, & Buchanan, 1998; Kondo, Setha, Rudell, Buchanan, & Mattheis, 2005) .
The aroma of apples results from a complex interaction between several organic compounds. Although esters are of major importance, other compounds such as alcohols, aldehydes, ketones, terpenes, among others, also significantly contribute to the characteristic aroma of apples (Mehinagic, Royer, Symoneaux, Jourjon, & Prost, 2006) . Moreover, the perception of aroma is strongly influenced not only by the relative quantities, but also by the interaction of the volatile compounds present in a specific fruit (Aprea et al., 2012) . In the case of cv. Royal Gala apples grown in New Zealand, it has been found that the ester 2-methyl-butyl acetate contributes strongly to the sensory properties of these fruits (Young, Gilbert, Murray, & Ball, 1996) . An increase in 2-methyl-butyl acetate is associated with a ''sweet'' aroma, a property also influenced by the presence of hexyl acetate and butanol (Young et al., 1996) . According to Echeverría, Fuentes, Graell, Lara, and López (2004) , the storage of cv. Fuji apples under CA with either 1.0 or 3.0 kPa O 2 results in reduced concentrations of hexyl acetate. Such results suggest that at least part of the negative effect of CA on aroma may be related to a decrease in the accumulation of this volatile compound. Thus, low partial pressures of O 2 seem to negatively affect the emission of volatile compounds. This effect may either be directly associated with the low O 2 levels or indirectly because of the effect of low O 2 on ethylene synthesis. However, up to date there are no reports indicating the consequence of ultra-low O 2 levels, as for example those commonly used in DCA systems, on the composition of volatile compounds in apples stored during long term.
Against this background, the main goal of the present work was to assess the influence of ultra-low O 2 during CA storage on the emission or synthesis of volatile compounds in 'Royal Gala' apples.
Material and methods

Fruit harvest and storage conditions
Apples (cv. Royal Gala) were harvested on the 19th February 2011 from a commercial orchard in Vacaria, RS, Brazil. At harvest, fruits had an iodide-starch index of 6.25 (scale 1-10, where 1 = green and 10 = ripe), 0.39 ll C 2 H 4 kg À1 h À1 of ethylene synthesis, 5.89 ml CO 2 kg À1 h À1 of respiration rate, 4.35 mEq 100 ml À1 of NaOH (0.1 N) for titratable acidity and 11.2°Brix of soluble solids. Apples were stored in experimental CA chambers (230 l volume each) placed inside a cold chamber, where the temperature was maintained at 0.5°C (±0.1°C) throughout the whole experiment. The levels of O 2 , CO 2 and relative humidity in each of these chambers were monitored and controlled daily.
Fruits were stored under four different O 2 conditions (with three replicates each): (1) 1.0 kPa O 2 ; 0.8 kPa O 2 ; 0.7 kPa O 2 or 0.5 kPa O 2 . In the first day of storage, the partial pressure of O 2 was lowered down to 5.0 kPa by flushing the storage chamber with N 2 . From this day onwards, O 2 was consumed by fruit respiration and decreased to 1.5 kPa at the end of the first week of storage. Then, during one week, fruits were conditioned to low O 2 levels by gradually decreasing the partial pressure of O 2 down to the level stipulated for each treatment. The atmosphere composition of each storage chamber was monitored daily with the help of a gas analyzer Ultramat 23 (Siemens, Germany). These conditions were then maintained until the end of the experiment by injecting natural air inside the store chambers, whenever the O 2 levels dropped below the desirable levels. The partial pressure of CO 2 was maintained at 1.2 kPa, and the excess was removed by circulating the atmosphere of the chamber through calcium hydroxide.
Sample preparation
Apples were stored during 8 months under the conditions mentioned above. At the end of the storage period, fruits were kept at 20°C for seven days to simulate shelf-life. The production of volatile compounds was assessed during the shelf-life. A transversal slice from the equatorial part was removed from fruits previously cooled down to 0°C (pulp temperature) and the endocarp and seeds were discharged. The whole procedure was undertaken under low temperature (approximately 5°C), to prevent the chemical and enzymatic oxidation of samples. Then, samples were ground and centrifuged and the juices were placed inside amber glass flasks and immediately frozen to À30°C.
Analysis of volatile compounds
Samples were stored during three weeks and then thawed for 24 h in a refrigerator (5°C). An aliquot of 10 ml was taken, mixed with 3 g NaCl and 10 ll of a 3-octanol standard solution (82.2 lg ml À1 ) and placed inside a 20 ml vial and sealed with PTFE-coated silicone lid seals.
In order to extract volatile compounds from the headspace, samples were subjected to solid phase microextraction (HS-SPME). A Divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fibre (Supelco, 50/30 lm Â 20 mm) was preconditioned following the manufacturer's protocol. The vials containing the samples were submerged in a water bath at 35°C for 5 min. Afterwards the fibre was exposed to the headspace of each sample for 60 min under constant stirring.
The volatile compounds were quantified by a Varian Star 3400CX (CA, USA) gas chromatograph equipped with a flame ionisation detector (GC-FID). The fibre was thermally desorbed into the injection port at a temperature of 250°C for 10 min, in a splitless mode for 2 min. The compounds were separated in a polar fused silica capillary column CP-WAX 52 CB (Chrompack, USA; 60 m Â 0.25 mm Â 0.25 lm). Hydrogen was used as carrier gas at constant pressure (15 psi) and flow rate (1.2 ml min
À1
). The initial column temperature was set to 35°C and held for 3 min. Then, a temperature gradient was started off at 2°C min À1 until 80°C, followed by a 5°C min À1 increase until 230°C, and maintained at isothermal conditions for 5 min. The temperature in the detector was kept at 230°C. A series of homologous n-alkanes were analysed under the same conditions to calculate the Kovats index (KI). The concentration of volatile compounds was determined by internal standardisation according to Ban, Oyama-Okubo, Honda, Nakayama, and Moriguchi (2010) and Qin et al. (2012) methods.
Qualitative analysis of volatile compounds was carried out by a Shimadzu QP2010 Plus gas chromatography coupled to mass spectrometry (GC/MS; Shimadzu Corporation, Kyoto, Japan). For these analyses, the same chromatographic conditions described above were used and helium was the column carrier gas. The detector was operated in the electron impact ionisation mode with ionisation energy of +70 eV and a scan mass range from 35 to 350 m/z. The analytes were identified based on comparison with mass spectra available in the National Institute of Standards and Technology (NIST) library and by comparing the calculated Kovats indexes with those available in the scientific literature.
Ethylene and respiration analysis
Ethylene synthesis was assessed during the shelf-life at 20°C. The analyses were carried out with intact fruits at four time points: at removal from chambers, and after 2, 4 and 6 days at 20°C. Apples (approximately 1500 g) were placed inside 5 l glass jars, which were hermetically sealed. Samples (1.0 ml) from the headspace were then collected and injected in a Varian, Star 3400CX gas chromatograph (CA, USA) equipped with a flame ionisation detector (FID) and a Porapak N80/100 (2 m) column. The temperatures in the column, injector and detector were adjusted to 90, 140 and 200°C, respectively. Ethylene concentrations were calculated automatically by software, taking into account the peak area of each sample and that of a standard (3.27 ll l À1 ethylene) in the same conditions. Ethylene synthesis was then calculated by considering the concentration of ethylene detected, the free volume of jar, the mass of fruits and time, and was expressed as ll ethylene kg À1 h À1 . In order to determine fruit respiration, the concentration of CO 2 accumulated inside the glass jars used for ethylene synthesis analysis was assessed by circulating the atmosphere through a gas analyzer (Agri-datalog, Italy). Respiration was then expressed as ml of CO 2 kg À1 h À1 by taking into account the measured CO 2 concentrations, the free volume of each jar, the mass of fruits and time.
Statistical analysis
All data were subjected to a multivariate analysis via a Principal Component Analysis (PCA) using the Pirouette 3.11 software (Woodinville, USA, 2003) . Before multivariate analysis the data matrix was auto scaled for each variable in order to assume the same weight during analysis. In addition, data was assessed by ANOVA, followed by a Tukey's multiple range test (p < 0.05). This analysis was performed using the Sisvar statistical software.
Results and discussion
After 8 months of storage under CA with ultra-low O 2 followed by seven days of shelf-life at 20°C, apple samples were evaluated for the incidence of decay (four replicates with 25 fruits per treatment), total acidity and total soluble solids. No statistically significant differences (p < 0.05) among the treatments were observed for the aforementioned variables (data not shown). Thus, it is assumed that differences in the composition of volatile compounds are likely to be associated to the storage conditions and not to other factors, such as the occurrence of decay.
The GC-FID analysis detected more than 80 volatile compounds, from which 46 were identified by GC/MS. The compounds present in the fruit samples contained esters (12 compounds), alcohols (15), aldehydes (7), organic acids (5), ketones (3), furans (1), hydrocarbonates (1), ethers (1) and terpenes (1) ( Table 1) . These compounds were detected in all samples, independently from the O 2 level used during storage, although the storage condition had an effect on the concentration of many of them.
An exploratory multivariate analysis, namely principal components analysis (PCA), was used with the aim of better visualising the effect of the partial pressures of O 2 on the volatile profile, due to the large amount of data. Fig. 1a and b shows the scores (samples) and weights (compounds), respectively, from the two major principal components. Together, the principal component 1 (PC1) and principal component 2 (PC2) explained 56.1% of the overall variance. This analysis allowed a separation of samples in distinct groups according to their O 2 levels. The O 2 conditions used in the present work were separated along PC1, where 1.0 kPa O 2 and 0.5 kPa O 2 were located in the two opposing extremities and the intermediate conditions in the center of the PCA plot (Fig. 1a) . The PC1's right-hand quadrant, which correlated with fruits stored under the highest O 2 levels, not only exhibited a higher abundance of esters, but also of variables related to ethylene synthesis and respiration. Thus, these results indicated that there was a high correlation among ethylene synthesis and esters compounds with the highest O 2 level (1.0 kPa) samples.
Although PC2 had a smaller weight on the discrimination of samples, it was important in separating the samples stored under the intermediate levels of O 2 , mainly in the 0.7 kPa O 2 treatment and in minor rate in the 0.8 kPa O 2 treatment (Fig. 1A and B) . The compounds falling to the top left-hand of the plot are related to fruits stored under 0.7 kPa O 2 . Among them were the aldehydes 2,4-hexadienal and (E)2-hexenal, the alcohols (Z)3-hexen-1-ol and (Z)2-hexen-1-ol and the ester 2-methylbutyl acetate, correlated with this condition of storage. The latter has previously been considered as important for the sensory properties of 'Royal Gala' apples (Young et al., 1996) . Thus, although the extremely low O 2 levels used during storage were associated to the lowest concentration of some esters associated with aroma, these storage conditions were correlated to a higher abundance of other compounds. Most likely, low partial pressures of O 2 do not affect negatively the synthesis of all esters, since especially some branched-chain esters were increased or not affected in fruits stored under extremely low O 2 .
Esters are important for the aroma of apples, because they are responsible for the characteristic fruity or floral flavour (Plotto et al., 1999) . It has been shown that in apples from the Gala group, the esters 2-methylbutyl acetate, hexyl acetate and butyl acetate have the highest impact on aroma and flavour (Plotto, Mc Daniel, & Mattheis, 2000; Young et al., 1996) . In the present work, 2-methylbutyl acetate and hexyl acetate were, along with 3-methyl-2-butenyl acetate the most abundant esters detected. In general terms, the storage under the lowest O 2 levels reduced the concentrations of esters, especially the straight-chain ones, such as butyl acetate, hexyl acetate and 2-hexenyl acetate (Fig. 1B and Table 1 ). The concentration of straight-chain esters was increased in apples stored under 1.0 kPa O 2 , and decreased as the O 2 levels in the CA chamber were decreased (Fig. 1a and b) . Echeverría et al. (2004) suggested that the reduction in the concentration of esters was related to the negative effect of CA storage in the development of aroma in apples. Although the O 2 levels used in the present work were even lower than those used in the study of Echeverría et al. (2004) , it was still observed that the concentration of straightchain esters was reduced when fruits were stored under the lowest O 2 levels. The precursors for the synthesis of straight-chain esters are synthesised by b-oxidation of fatty acids and/or via the lipoxygenase (LOX) pathway (Brackmann, Streif, & Bangerth, 1993) . Importantly, both routes require the presence of O 2 and are, consequently, affected by the O 2 levels used during CA storage (Echeverría et al., 2004) . Furthermore, a decrease in the production of aroma in CA-stored 'Jonagold' apples has also been associated with the biosynthesis of fatty acids and lower concentrations of ATP. In this regard, it has been suggested that the limiting step for the synthesis of aroma-related volatile in apples is the de novo synthesis of fatty acids rather than their release from cell membranes or intracellular storage pools (Song & Bangerth, 2003) . Thus, it is likely that the lowest O 2 concentrations used during CA storage may have inhibited the synthesis of important substrates for the further production of esters.
In addition, the reduced ethylene synthesis of apples stored under the lowest O 2 levels, as revealed by the four assessments carried out after storage (Table 2) , may have limited the production of some esters. In transgenic 'Greensleeves' apples, which have their ethylene synthesis suppressed, the production of esters is significantly reduced (Defilippi, Kader, & Dandekar, 2005) . In the same study, the application of the inhibitor of ethylene perception, 1-methylcyclopropene (1-MCP) also resulted in low synthesis of esters. The same authors have also shown that both the transcription and the activity of the enzyme alcohol acetyl transferase (AAT) were highly modulated by ethylene, suggesting that ethylene interferes with the last step of the biosynthesis of esters.
However, it is noteworthy that in the present study the concentrations of some esters, such as the 2-methyl-butyl acetate Fig. 1B ). 2-methylbutyl acetate derives from the pathway that synthesises branched-chain amino acids (Brackmann et al., 1993) . According to Echeverría et al. (2004) , the synthesis of branched-chain esters, particularly 2-methylbutyl acetate, is not inhibited by extremely low O 2 . Rather, the synthesis of this compound is suppressed when apples are exposed to room temperature after CA storage. Furthermore, it has been reported that also high CO 2 levels during storage also have a negative effect on the concentration of branched-chain volatile compounds (Bangerth, Song, & Streif, 2012; Brackmann et al., 1993) . Importantly, the major ester detected during the present study, the branched-chain ester 3-methyl-2-butenyl acetate, was also not negatively affected by ultra-low O 2 levels. It therefore seems that partial pressures of O 2 as low as 0.5 kPa do not affect the synthesis of branched-chain esters in 'Royal Gala' apples. In line with this study, it has been previously reported that low O 2 levels did not affect significantly the synthesis of branched-chain esters in 'Fuji' and 'Mondial Gala' apples (Echeverría, Graell, Lara, & López, 2008; Echeverría et al., 2004) . Thus, the maintenance of higher concentrations of these esters under low O 2 partial pressures may be associated with an unchanged concentration of amino acids during CA storage (Echeverría et al., 2008) . In relation to ethanol, no increase in the levels of this compound were detected in apples stored under extremely low O 2 (0.5 kPa O 2 ) in relation to 1.0 kPa O 2 condition (Table 1) . This is in 
Table 2
Ethylene synthesis in 'Royal Gala' apples after 8 months of storage under different CA conditions followed by 6 days of shelf-life at 20°C. agreement with López, Lavilla, Recasens, Graell, and Vendrell (2000) , who stored 'Golden Delicious' apples under three different O 2 levels and also did not observe any significant increase in ethanol concentrations under the lowest partial pressures of O 2 . Because 'Royal Gala' apples showed no increase in ethanol under ultra-low O 2 (Table 1) , one can conclude that fruits from this cultivar withstand extremely low O 2 levels, without developing injuries. When fruits are exposed to hypoxia, the concentration of ethyl esters increases, since the excess of ethanol synthesised is readily available to react with acyl-CoAs and, hence, form ethyl esters (Ke, Zhou, & Kader, 1994) . In CA-stored strawberries, higher levels of ethyl acetates are produced due to an increase in the biosynthesis of ethanol and acetaldehyde, which are, in turn, related to the development of off-flavours (Forney, Kalt, & Jordan, 2000) . Therefore, since in the present work the synthesis of ethanol and acetaldehyde was not increased even when apples were stored under the lowest O 2 levels, the concentrations of ethyl acetates were comparable to those detected in fruits stored under the other CA conditions tested. The profile of the remaining alcohols did not show a clearly defined pattern in response to the storage conditions, and most of them were either unaffected or decreased as the O 2 levels used during CA were lowered (Table 1) . Similar results were also observed by López et al. (2007) in 'Pink Lady' apples, who reported a reduced production of alcohols in CA-stored fruits as compared to cold-stored ones. However, in the same study, it was observed that the length of the storage and shelf-life had also a significant effect on the concentration of alcohols.
The most abundant alcohol detected in 'Royal Gala' apples was 1-hexanol. The concentration of this alcohol was the highest in fruits stored under 1.0 kPa O 2 and was decreased as the O 2 levels in the storage chamber were decreased (Table 1) . Such a pattern could help to explain the reduction of the levels of hexyl acetate, since 1-hexanol is the precursor of this ester (Holland et al., 2005) . In this regard, it has been proposed previously that low O 2 levels lead to a decrease in the biosynthesis of fatty acids, the precursors of both alcohols and straight-chain esters (Saquet, Streif, & Bangerth, 2003) . Noteworthy, it appears that the availability of the substrate rather than AAT activity is more relevant for the synthesis of volatile compounds after storage (Lara, Grael, López, & Echeverría, 2006) . This assumption has been based on the observation that whereas models developed to assess AAT activity were not able to discriminate the patterns of volatile emissions after the storage under cold storage or two CA conditions, the activity of the enzymes that produce the substrates for the biosynthesis of esters (namely LOX and pyruvate decarboxylase) were able to discriminate the samples stored under different storage conditions (Lara et al., 2006) .
Among the volatile compounds detected in the samples of the present work, the majority of them were aldehydes, particularly hexanal and (E)2-hexenal (Table 1) . Although the concentrations of these compounds were not significantly affected by the storage conditions, the levels of (E)2-hexenal were lower in fruits stored under 1.0 kPa O 2 . These two compounds are related to the ''green apple'' flavour (Mehinagic et al., 2006) and have been shown by sensory assessments to be enriched in 'Gala' apples stored under CA (1.0 kPa O 2 + 1.0 kPa CO 2 ), as compared to storage in cold air (Plotto et al., 1999) . In fact, it has been suggested that the perception of a higher intensity of green-like attribute in CA-stored 'Gala' apples could be associated with a decreased fruity attribute in these fruits (Plotto et al., 1999) . However, the quantitative analysis carried out in this study indicates that hexanal and (E)2-hexenal accumulate at higher levels in fruits stored under ultra-low O 2 (Table 1), which is in agreement with results obtained in 'Fuji' and 'Granny Smith' apples (Holland et al., 2005) . Regarding the effect of different partial pressures of O 2 on the levels of other aldehydes, it was found that whereas levels of (E)2-hexenal and benzaldehyde were increased by the lowest O 2 partial pressures, butanal and 3-methylbutanal were increased in fruits stored under the highest O 2 levels ( Table 1) .
The five organic acids detected in the samples were not affected by neither of the storage conditions tested herein (Table 1) . Likewise, the storage conditions did not significantly change the concentrations of the ketone geranyl acetone. However, the two other ketones (2-propanone and 3-octanone), as well as the ether allyl ethyl ether were reduced as the O 2 levels during storage were lowered.
The synthesis of ethylene was decreased in apples, as lower O 2 levels were used during storage ( Fig. 1 and Table 2 ), indicating that the storage under ultra-low O 2 has a significant effect on reducing the synthesis of this plant hormone. This is of particular interest, since the ripening of climacteric fruits, such as apples, is induced by the presence of ethylene (Schaffer et al., 2007) . However, a decrease in ethylene synthesis may have also a negative impact on the emission of volatile compounds related to the aroma of a fruit, as a consequence of the dependency on ethylene perception or due to the sensitivity to low concentrations of this hormone (Bangerth et al., 2012; Johnston, Gunaseelan, Pidakala, Wang, & Schaffer, 2009) . The role of ethylene on the emission of volatile compounds was previously investigated by supplying exogenous ethylene to transgenic 'Royal Gala' apples, which had their endogenous ethylene synthesis inhibited by the expression an anti-sense version of the gene encoding for ACC oxidase (Schaffer et al., 2007) . It was concluded that ethylene has an essential role on the expression of some of the enzymes involved in the synthesis of aroma-related volatiles. However, the same study also demonstrated that only some steps in these pathways appear to be dependent on ethylene. In fact, from 15 genes encoding for AATs in the final step of esters synthesis, only MpAAT1 was induced by ethylene (Schaffer et al., 2007) . This gene encodes for an isoform of the enzyme that is capable of synthesizing a series of the esters found in apples by using alcohols and CoA as substrates (Souleyre, Greenwood, Friel, Karunairetnam, & Newcomb, 2005) . The same transgenic apples were used to assess the role of ethylene on other parameters related to ripening (Johnston et al., 2009) . It was found that the synthesis of volatile compounds, particularly esters, was highly dependent on ethylene, even though the effect was only observed when high ethylene concentrations were supplied. Thus, the accumulation of esters was increased in ACC oxidase-silenced apples, as the dose of ethylene supplied was increased (Johnston et al., 2009) . Altogether, one can conclude that the low concentration of some esters detected in apples stored under ultra-low O 2 was associated with the reduced ethylene synthesis exhibited by these fruits (Fig. 1 and Table 2 ).
Although respiration was significantly lower in apples stored under the lowest O 2 partial pressure (0.5 kPa) one day after removal from the storage chamber, no significant difference was detected in the following days (Table 3 ). From Fig. 1 one can observe a good correlation between the first assessment of respiration, the synthesis of volatiles and the highest O 2 partial pressure. It is noteworthy that this evaluation was undertaken few hours after fruits had been removed from storage, when the temperature of the fruit had stabilised at 20°C. Thus, the reduced respiration of apples stored under 0.5 kPa O 2 only at this earlier time point may indicate that respiration was lowered throughout the whole storage period. Respiration rates can also interfere with the synthesis of volatiles, since a reduction in respiration after prolonged CA storage decreases significantly the synthesis of ATP and, consequently, the synthesis of fatty acids (Bangerth et al., 2012; Saquet et al., 2003) . Thus, the under representation of volatile compounds in the bottom left-hand of the PCA plot (Fig. 1A and B) , which was associated to the lowest O 2 level (0.5 kPa), is at least partially related to the lower respiration of fruits stored under this condition.
Conclusion
The storage of 'Royal Gala' apples under extremely low O 2 levels (0.5 kPa) decreases the production of some of the esters related to the aroma. Other volatile compounds were, in general, not affected by the extremely low O 2 levels. In fact, the concentration of some of the esters that contribute greatly to the aroma of 'Royal Gala', such as 2-methyl-butyl acetate, showed an increased in apples stored under the intermediate O 2 levels. These results suggest that the storage under CA with partial pressures of O 2 down to 0.7 kPa does not have a negative effect on the volatile compounds in this apple cultivar as compared to the storage under standard CA (1.0 kPa). 
